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LONG-RANGE HYPERVELOCITY VEHICLES 1
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SUMMARY

.bng-range hypervelocityvehiclesare studied in teTmsof their
motion in powered $ighi, and their motion and aerodynamic
heating in unpowered jtigh$. Powered jlighi is analyzed for
an ideulized prapuhion system which approm%wt.txrocket
motors. Unpoweredjiight is charm”zd by a return to earth
along a ba.llixtic,&ipl or glide trajectory. Only those trqjectoties
are treaied which yiekl the m-mum rangefor a .w”venvelocity
a-tthe end of powered $ight. Aerodynamic heating h treated
in a manner u“milurto tha$employed prevhusly by the senior
auihor8 in studyinj bai%ktic missiles (NACA Rep. 1381),
with ths azzption thutradiant as We&?as convedive M tran#er
i8 cmwideredin connwtion with glide and 8kip vehiclas.

Tha ballistic vehicle h found to be the lemt e@ient of the
several types studied in the 8en8ethd it generally requirex the
highest velocity & the end of powewdjligh$ in order to &in a
given range, Thiv disadvantage may be o$sd, however, by
reducing convedive h.saitransfer to the re-entry body through
the art@c-e of increasing pressure drag in reluiion to.friction
drag-that h, by using a blunt body. l’lw the Mwtic energy
required by the vehicle ai b end of powered jtlghi muy be
reducd lqiminim%ng the ma88of coohzntmm%rialinvolved.

The glide vehicle o%zM?opinglift-drag raiw8 in the neighbor-
hood of and greaterthan 4 isfar supm”orto theba.llhticwhicle
in ability to convertvelocity into range. It hm the disadvantage
ofluwi~far nwrelwut cmwected toit; however, ithu.s the
compensating advam!agethd this heat can in the main be
radiuted back to the atmosphere. Conxeqwn&?y,the mum of
coolant materW WY be kept relatively low.

% 8kip which dm%?opingltftdrag miio8fmm about 1 to .4
is found to be superior to comparableba.i’listicand glide vehicles
in convertingvelocity into range. At lifi-drag ratio8 below 1 it
b found to be about equal to compam.bb baUisticuehicieswhile
a.?lifldr~ ratios above4 it is aboutequal to compamble glide
vehicles. The 8kip vehicle experkmcee extremely large loads,
however,and it ~T8 most sewe aerodynamic hating.

As aji?ud p8Tjorma?weconsideration, it is shown that on the
basis of equul ratws of mas8 at takw$ to mas8 at the end of
powered $ight, the hypervelocity vehwle compares favorably
with the super8anic airplane for ranges in the neighborhood of
and greaterthan w half b cireumfereme of the earth. In the
light of tlnk and preti jindings, it ix concluded that the
bah!isttiand glide vehicltx have, in addition to the advantugea

uwudy ascribed to (JTeatspeed, the attractivepo88ib#ity of pro-
viding relatively e-t long-range$iglit.

Deeign a8pects of manned hypervelocity vehickx are towched
on brie$?y. It b indim%o?that if such a vehti is to G%velop
datively high lift-d?ag ratws, the wing and tuiJsurfactx should
?wve hi@ly swept, rounded leading edjes in order to alleviati
the local heating problem wu!.hminimum drag penalty. The
nose of the body 8h& also be rounded somewhat to reduce
locu.1heating rates in thix region. If a manned vehicle h de-
w for ghbal range $ight, the large mujority of lift is ob-
tuin.edfrmn centrif~al fome, and aerodynamic lift-drag ratio
becomes of 8ec07&ry impartunce while aerodynamic heating
becomes of primary importmw. In this me a gliah vehicle
which enter8the atmosphered high angles of atiuck, and henw
high lift, becanes e+?pecia.1-lya&actiee with a n&e or lem
roundkdbom to minimize haatingoverthe entire lowermfacs.
Z&e blunt baliistic vehicb h characterized by especially low
heating, and ii too maybe a practiud manned vehicikfor ranges
in mcs88 of 8em@lobal if great care h taken in supporting tha
ocoupant to w+!lwtandthe ordm of 10 g’s timum deceleration
encc-untemxiduring atmosphd w.

INTRODUCI’ION

It is generally recognized that hypervelocity vehicles are
wpecially suited for military application because of the great
difficulty of defendin~ against them. It is also possible
that for long-range operation, h~erveloci~ vehiol~. may
not be overly extravagant in cost. A satellite vehicle, for
example, can attain srbitmwilylong range with a linite speed
and hence tite energy input. E. Sanger was among the
first to recognize this favorable connection between speed
and range (ref. 1) and WSS,with Bredt, perhaps the fit to
exploit the speed factor in designing a long-range bomber
(ref. 2). This d@gn envisioned a rocket-boost vehicle
attaining hypervelocities at burnout and returning to earth
along a combined skip~lide trajecto~. Considerable at-
tention was given to the prop&ion and motion analysis;
how-ever, little attimtion was given to what is now con-
sidered to be a principal problem associated with any type
oLhypemonic aircraft, nsmely that of aerodynamic heating.
In addition, the category of expendable vehicles, perhaps
best characterized by the ballistic missile, was not treated.

Since the work of Sanger and Bredt there have been, of
course, many treatments of long-range hypervelocity vehi-
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cles in which the propulsion, motion, and heating problems
have been studied in considerable detail. However, these
amdyses have been devoted in the main to particular designs
and am not intended to reveal, for example, the relative ad-
vantages and disadvantages of ballistic-, skip-, and glide-
type vehicles. Furthermore, it appears that the extent to
which these vehicles can compete on a simple eflicienq basis
with 10VWXspeed aircraft of either the expendable or non-
expendable type has not been well established.

It has therefore been undertaken in the present report to
make a wmparative analysis of the performance of hyp&r-
velocity vehicles having ballistic, skip, and glide trajectoriw.
An idealized propulsion system, whose performance approxi-
mates that of rocket motors, is assumed. The motion
analysis is simplified by treating, for the most part, only
optimum trajectories yielding the maximum range for
given initial kinetic energy per unit mass in the unpowered
portion of flight. Aerodynamic heating is treated in a man-
ner analogous to that employed by the senior authom in
studying ballistic missiles (ref. 3) with the exception that
radiant heat transfer, as well as convective heat transfer, is
considered in tie treatment of glide and skip vehicles. The
efficiencies of these vehicles are compared with supersonic
aircraft with typical air-breathing power plants.
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NOTATION

reference mea for lift and drag evaluation, sq ft
specific heat of vehicle material, ft-lb/slug “R
&ag coefficient
lift coeilicient
skin-fiction ccdcient
equivalent skin-fiction coefficient (see eq. (40))
specific heat of air at constant pressure,ft-lb/slug

‘R
specfic heat of ah at constant volume, ftAb/slug

“R
drag, lb
Naperian logarithm base
performance efficiency factor (see eq. (85))
general functional designation
functions of AJ, (see eqs. (74) and (80))
ratio of maximum deceleration to gravity

acceleration (32.2 ft/se&)
acceleration due to force of gravity, ft/se@
convective heai%mnsfer codicient, ftJb/ft2 sec

“R
.

convective heat transferred per unit area (unless
otherwise designated), ftAb/ft2

spetic impulse, sec
range parameter for glide vehicle (see eq. (68))
Stefan-Boltzmann constant for black. body

radiation (3.7X 10-10ft-lb/ft2 sec ‘R9
constant in stagnation point heat-transfer equa-

tion, slug ‘B/ft (see eq. (44))
lift, lb
mass, slugs
Mach number
convective heat transferred (unless otherwise

designated), ftAb

Fcni AE.RONAUTICS

distance from center of the earth, ft
radius of curvature of fight path, ft ,
radius of earth, ft
range, ft
distance along flight path, ft
surface area, sq ft
time, sec
temperature (ambient air temperature unless

otherwise specified), ‘R
velocity, ft/sec
ratio of velocity to satellite velocity
velocity of satellite at earth’s surface (taken as

25,930 ft/see)
weight, lb
vertical distance from surface of earth, ft
angle of attack, radians unless otherwise speoi-

fied
constant in density-altitude relation, (22,000 ft-l;

see eq. (15))
ratio of speciiic heats, CJC,
semivertex angle of cones, radians unless other-

wise speciiied
increment
lift-drag efficiency factor, (see eq. @27))
angle of flight path to horizontal, radians unless

otherwise specified
leading edge sweep angle, deg
air densi@, &gs/cu ft (pO=0.0034)
nose or leading-edge radius of body or wing, ft
partial range, mdians
total range, radians
remaining range (@—P), radians

Subscripts

conditions at zero angle of attack
conditions at end of particular rocket stagea
conditions at point of maximum average heat-

transfer rate
average valuw
conditions at point of maximum local heat-

transfer rate
convection
effective values
conditions at entrance to earth’s atmosphere
conditions at exit from earth’s atmosphere
conditions at end of powered flight
initial conditions
local conditions
ballistic phases of skip vehicles
total number of rocket stages
pressure effects
pay load
recovery conditions
radiation
stagnation conditions
total vaAm9
wall conditions
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ANALYSIS

GENERALCONSDIERATIONS

In the following analysis of long-range hypervelocity
vehicles, only flight in planes containing the great tide
arc between take-off and landing is considered. The flight
is thought of in two phaw: (a) the powered phase in which
sufficient kinetic energy, as well as control, is imparted to the
vehicle to bring it to a prescribed velocity, orientation, and
position in space; and (b) the unpowered phase, in which the
vehicle travels to its destination under the influence of
gravity and aerodymunic forces.

The analyses of motion and aerodpmmic heating during
unpowered flight will, of necessity, differ widely for the
several types of vehicles under consideration. On the other
hand, motion in the powered phase is conveniently treated
by a method common to all vehicles. The study of potiered
flight and its relation to range is therefore taken as a starting
point in the analysis.

POWEREDFLIGHTANDTHEBREGUETRANGEEQUATTON

In this part of the study, the following simplifying as-
sumptions are made: (a) aerodynamic heating can be
neglected on the premise that high flight speeds are not
attained until the vehicle is in the rarefied upper atmosphere; g
(b) sticient stability and control is available to provide
proper orientation and positioning of the vehicle in space;
(c) the distance traveled while undar power is negligible by
comparison to the overall range; and fially, (d) the thrust
is very large compared to the retarding aerodynamic and
gravity forces.. k terms of pres.entiay power plants, the
last assumption is tantamount to assuming a rocket drive
for the vehicle.

The velocity at burnout of the first stage of a multistage
rocket (or the fial velocity of a single+tage rocket) can then
be expressed as (see, e. g., ref. 4):

(1)

where the initial veloci@ is taken as zero. h this expression,
mt and mylrepresent the mass of the~ehicle at the beginning
and ending of tit-stage flight, and V~l= Vfi/VSwhere V8=
&=25,930 feet per second is the satellite veloci~ at the
surface of the earth. The coefficient g is the acceleration due
to gravity and is, along with the specific impulse I, con-
sidered constant in this phaae of the analysis. The fial
velocity of the vehicle at the end of the iV stages of powered
flight can be expressed as

“4(%)(3“““ (31 ‘2)F,=FN=E

where the initial mass of any given stage differs from the
final mass of the previous stage by the amount of structure,
etc., jettisoned.

Now let us deiine an equivalent single-stage rocket having
the same initial and final mass as the AGtage rocket and the

jThlswsumptlonlslntbenmb~ A pcmfbleexceptbmcamna,however,with
ths@lo vehlolefarwblehheabtrmekratesnwthoendofpowemd~tcanMcomperahle
tothoseexrdencaiInuqmvwed@dhgIlkht

wne initial and final velocity. There is, then, an effective
specific impulse defied by

,=,4(%)(%)“ “ “ w] ,3,e

()ln~
m,

whereby equation (2) can be written as

(4)

The effective specific impulse Ie is always somewhat less
than the actual speoific impulse, but for an eflicient design
they are not too different. Throughout the remainder of
the analysis the effective impulse I. will be used.

Equation (4) might be termed the “ideal power plant”
equation for accelerated flight because, when considered in
combination with the assumptions underlying its develop-
ment, attention is naturally focused on the salient factors
leading to maximum increase in velocity for given expendi-
ture of propellant. Thus the thrust acts only in over-
coming inertia forces, and the increase in vehicle velocity
is directly proportional to the exhaust veJoci@ (gl) of the
propellant.

Now we recognize that an essential feature of the hyper-
velocity vehicles under study here is that they use their
velocity (or kinetic energy per unit maw.) to obtain range.
For this reason, equation (4) ilso constitutes a basic per-
formance equation for these vehicles because it provides
a comectiug link between range requirements and power-
plant requirements.

In addition to comparing various types of hypervelocity
vehicles, our attention will also be focused upon comparison
of these vehicles with lower speed, more conventional types
of aircraft. For this purpose it is useful to develop an
alternate form of equation (4). We observe that the
kinetic energy imparted to the vehicle ‘is

This energy is equated to an effective work done, defined as
the product of the range traveled and a censtant retarding
force. (Note that the useful kinetic energy at the end of
powered flight is zero.) This force is termed the “efEective
drag” D,.- Thus

Da=+ mJV~’ (5)

where R is flight range measured along the surface of the
earth. Simikly, we may define an “effective lift” L.,
equal to the fuml weight of the vebiele

from which it follows that equation (5) maybe written as

(6)

where (L/D). is termed the “eflective lift-drag ratio.”
Combining equations (4) and (6), we obtain

(’0
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where

v’+

and represents an ‘effective” flight
Equation (7) will prove useful in
vehicles with conventional aircraft
to the Breguet range equation,

(8)

velocity of the vehicle.
comparing hypersonic

because of its analogy

(9)

It will also prove-useful to have equation (7) in the dimen-
sionless form obtained by dividing through with rw the
radius of the earth. In this case we have

+=(WWJ=G3 (lo)

where @ is the range in radians of arc traversed ,dong the
surface of the earth.

BfOTION IN uNPOWERED FLIGHT

Ballistic trajectory.-In studying the-motion of long-range
vehicles in this trajectory, advantage is taken of the fact
that the traverse through the earth’s atmosphere generally
forms only a sm@l part of the total trajectory. Therefore,
the deflection and deceleration encountered in the re-egh-y
phase (discussed in detail in ref. 3) are neglected in the
~omputation of the total range and rotation of the earth is
neglected in this and all other phases of the analysis. With
the added simplification that the contribution to range of
the powqed phase of flight is negligible, the ballistic tra-
jectory becomes one of Kepler’s planetary ~pses, the
major axis of which bisects the total angle of arc @ traveled
around the earth. For the trajectories of interwt here
(~r< 1), the far focus of the ellipse is at the mass center
of the earth. For purposes of range computation, then, the
ballistic vehicle leaves and returns to the earth’s surface
at the same absolute magnitude of velocity and incidence
(see sketah).

F-9,

lff )’

\

/“ef

The expression for range follows easily from the equation
of the ellipse (see, e. g., ref. 5) and can be written

(11)

where the angle of incidence Oris considered positive. In
order to determine the optimum trajectory giving maximum
range for a given velocity V~, equation (11) is differentiated
with respect to Ofand equated to O,yielding

(12)

Equations (11) and (12) have been employed to determine
velocity as a function of incidence for various values of
range and the ;esults are presented in figure 1. The “mini-
mum velocity line” of *e 1 corresponds to the optimum
trajectories (eqs. (12)).

The effective lift-drag ratios can easily be calculated for
optimum ballistic vehicles using equation (6) in combination
with the information of iigure 1. The required values of
(~/~), as a function of range are presented in figure 2.

Skip trajectory,-This trajectory can be thought of as a
succwsion o! ballistic trajectories, each comected to the
next by a “skipping phase” during which the vehicle ontera
the atmosphere, negotiate a turn, and is then ejected from
the atmosphere. The motion analysis for the ballistio
missile can, of course, be applied to the ballistic phaaea of
the skip trajectory. It remains, then, to analyze the
skipping phases and to combine this analysis with the brd-
listic analysis to determine over-all range.

To this end, consider a vehicle in the process of executing
a skip from the atmosphere (see sketch).

+

/
.

Vm

w ,,, Eorfh’s surfcts

The paramet&c equations of motion in directions perpen-
dicular and parallel to the flight path .s are, respectively,

m’P”Pva A_mg COSd— r.
cL~

——

w
}

(13)
–C~~A+mg Bin O=m ~

where rais the local @us of curvature of the flight path, 0 is
the local inclination to the horizonti (positive downward),
p is the local air density, and CL ad UD m the lift and drw
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coefficients, respectively, based on the reference area, A, of
the nircrnft.

In the turning process, aerodynamic lift must obviously
predominate over the &avity component, mg cm 6. By anal-
ogy to the atmospheric re-entry of ballistic missiles (see ref.
3), aerodynamic drag generally predominates over the gravity
component, ~ sin 8. Moreover, the integrated contribution.
to velocity of this gravity component during descent in a skip
is largely balanced by an opposite contribution during ascent.

16

12

4

(

7
4 6

‘Range pxameter, @

Fxwm 2.—Variationof effeotivelift-dragratiowithrangeforoptimum
balliatio vehicle.
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FIGUEE3.—Trajeotmy of the iirat skipping phase for a skip vehicle
with a liftdrag ratio of 2 and a total range of 3440 nautical mila
(*=1).

For these reasons we will idealize the analysis by neglecting
gravity entirely. This approach is analogous to the classical
treatment of impact problems in which all forces exclusive of
impact forces (aerodynamic forces in this case) are neglected
as being of secondary importance. G~vity is shown to be
of secondary importance in figure 3 where the trajectory re-
sults obtainable from equations (13) and (14) are presented
for the fit skipping phase of an L/D=2, @=l ship missile.

With gravity terms neglected, equations (13) reduce to

where dO/a%=-~ to the accuracy of this analysis.

Now we assu-e an isothermal atmosphere, in which case

p=poe-m (15)

where p. and P are constam%j and y= (r –TJ is the altitude
from sea level (see ref. 3 for discwwion of accuracy of this as-
sumption). Noting that dy/ds= –sin f?,we combine the first
of equations (14) with equation (15) to yield

This expression oan be integrated to give

c.POA e-~=cos o–cm o..
2@m

(17)

where Dis taken as zero at the altitude corresponding to the
effective “out& reach” of the atmosphere. Equation (17)
points out an important feature of the skip path; namely,



. . —- .

1146 REPORT 138%NATIONAL ADVISORY COMMITI’EE FOR AERONAUTICS

cm 8 is a single-valued function of altitude. Since o proceeds
from positive to negative values, it is evident that

e e%-1=- % (18)

where the subscripts en and ex refer to atmospheric entrance
and esit conditions, respectively, and the numbem n— 1 and
n refer to successive ballistic phases of the trajectory. Now
Sinca

dV_l dV2
$$=VF5T

equations (14) may be combined to obtain

.
(19)

which, for constant L/D, can be integrated to yield

v 0%–0%-1
%

—=e
v

LID

Cmn_~

With the aid of equation (18), this
written

%-lv% -—
_e LID

v %+

(~())

expression may be

(21)

which relates the velocities at the begg g and end of a skip
to the M&drag ratio and the entrance angle of the vehicle to
the earth’s atmosphere. From equation (18) it follow
further that the entrance angle for each skip in the trajectory
is the same, so that

O.%=O.%,= . . . =Of

and hence equation (21) becomes

20,
v% —_=e LID

v
(22)

6%-1

We now combine this result of the skip qnalysis with that
of the ballistic analysis to obtain the total flight range.
From equation (11) the range -of the nth ballistic segment of
the trajectory is

Consistent with the idealization of the skipping process as an
impact problem, we neglect the contribution to range of each
skipping phase so that the total range is simply the sum of
the ballistic contributions. From equations (22) and (23)
this range is then

From this expression we see that for any given velocity
at t,heend of powered flight there is a definite skipping angle

which maxi.mizes the range of
particular lift-drag ratio. These

an aircraft developing a
skipping anglea have been

obtained m~ti the aid of an IBM CPC, an~ the-corresponding
values of Vr as a function of range for various L/D am
presented in figure 4. Corresponding values of (L/D), lmvo
been obtained using equation (6) and the results are shown
in iigure 5.

Range parameter, @

FIGUBE 4.—Variation of velocity with range for various values of
M-drag ratio for 13kipvehicle.

Glide trajectory.-The trajecto~ of the @do vehiclo is
illustrated in the accompanying sketch. As in the previous
analyses, the distance covered in the powered phase will be
neglected in the determination of total range.

D /

. .. Earfh’s surface

The parametric equations of motion normal and parallel
to the direction of flight are the relations of equations (13)
rewritten in the form

mV*L–mg cos 0=–7

1
dV-D+mg sin6=m ~

J

(26)
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Range paramekr, @

~If3urm ii—variation of effeotive lift-drag ratio with range for various
valuea of aerodynamic lift-drag ratio of skip vehicle.

Under the assumption of small inclination angle o to the
horizontal (thus cos Os 1, sin O= 0), constant gravity accelera-

‘ion(ise+’)1 , and noting the following relations

d;=v dry=; d;
)

1 d(#–fl. ..—
Tc h

}

Jd+ COSO=l ‘——=— —
ds r ro

equations (25) can be written in the forms

(26)

(27)

Dividing the first of equations (27) by the second yields the
following differential equation

+m+(w=v’a%-=o ‘n)
But, as is demonstrated in Appendix A, the terms # gOand

P # may be neglected so that equation (28) reduces to

dv2

-iF-& ~++%=”
Since

VJ=gr.

(29)

equation (29) can be integrated for constant ~ to give the

velocity in nondimensional form as

(30)

This expression gives velocity as a function of range for what
Sanger (ref. 2) has termed the equilibrium trajectory-that
is, the. trajectory for which the gravity force is essentially
balanced by the aerodynamic lift and centrifugal force, or

(31)

It follows from equation (31) that velocity can be expressed
in the form

~!= 1

~+ GAVS2P
2mg

(32)

Now it is intuitively obvious that as the maximum range is
approached, L/W+l and hence ~z becomes small compared
to one (see eq. (31)). In this event it follows from equation
(30) that the mtium range for the glide vehicle is given by

The relation between velocity and range has been deter-
mined with equation (33) for various values of LID and the
results are presented in figure 6. Corresponding value-s of
(L/D)a have been obtained using equation (6) and are
pre9ented in figure 7.

These considerations complete the motion analysis and
attention is now turned to the aerodynamic heating of the
several types of vehicles under consideration.

1.0

8

IS
1

>= 4 :u.0
z>

.2

0 I 2 3 4 5 6 7
Range parameter, @

FIQ~ 6.—Variation of veloaity with range for various valuIM of
lift-drag ratio of glide vehicle.
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L.7/

[0.0 /“s

o 2- 4 6
Ror?qeparameter, O

FIGURE7.—Variation of effective h%drag ratio with range for varioua
values of aerodynamic lift-drag ratio of glide vehicle.

HEATINGIN UNPOWEREDFLIGHT

General considerations.-Three aspects of the aerodynamic
heating of hypervelocity vehicles will be tmwtedhere; namely,

1. The total heat input
2. The msxi.mum time rate of average heat input per unit

area
3. The maximum time rate of local heat input per unit

area
Total heat input is, of course, an important factor in deter-

mining over-all coolant weight, whether the coolant be solid
(e. g., the structum)j liquid, or gas, or a combination thereof.
The maximum time rate of average heat input per unit area
can determine peak average flow rates in the case of fluid
coolants and may dictate over-all structural slrength in the
event that thermal strews predominate.

Excessive local heating is, of course, a seriousproblem with
hypervelocity vehicles. This problem may vary depending
upon the type of the vehicle. Thus, for the ballistic vehicle,
an important local ‘hot spot” is the stagnation region of the
nose, while for the skip or glide vehicle attention may also be
focused on the leading edges of planar surfaces used for de-
veloping lift and obtaining stable and conti’oiled flight. In
this analysis attention is, for the purpose of simplicity, re-
stricted to the “hot spot” at the nose. In pmticulm, we
consider the maximum time rate of local heat input per unit
area because of its bearing on local coolant flow rates and
local structural strength.

It is undertaken to treat only conv&tive heat transfer at
this stage of the study. As will be demonstrated, radiant

heat tiansfer from the surface should
fluence convective heat transfer to a

not appreciably in-
vehi~e. Therefore,

alleviating effects of radiation are reserved for attention iri
the discussion of particular vehicles later in the paper. This
analysis is further simplifiedby making the assumptions that

1. Effects of gaseous imperfections may be neglected
2. Shock-wave boundaxy-layer interaction may be neg-

lected
3. Prandtl number is unity
4. Reynolds analogy is applicable

These assumptions are obviously not permissible for an accu-
rate quantitative study of a specitic vehicle. Nevertheless
they should not invalidate this comparative analysis which is
only intended to yield information of a general nature regard-
ing the relative merits and problems of different types of
vehicle (see ref. 3 for a more complete discussion of those
assumptions in connection with ballistic vehicles).

In calculating convective heat transfer to hypervelocity
vehicles, the theoretics approach taken in reference 3 for
ballistic vehicles is, up to a point, quite general and can be
employed here. Thus, on the basis of the foregoing assump-
tions, it follows that for large Mach numbers, the difference
between the local recovery temperature and wall temperature
can be expr&sed as

(Tr–TJ ,=~p (34)

It is clear, however, that the walls of a vehicle should be
maintained su.fliciently cool to insure structural integrity.
It follows in this case that the recovery temperature at
hypervelocities will be large by comparison to the wall tem-
perature and equation (34) may be simplhied to read

(35)

To the accuracy of this analysis, then, the convective heat
transfer is independent of wall temperature. Therefore, as
previously asserted, radiant heat transfer should not appre-
ciably influence convective heat transfer and the one can be
studied independently of the other.

Now, according to Reynolds analogy, the local heM-
transfer coefficient hl is, for a Prandtl number of unity, given
by the expression

hi= 4CF1CP,PtVI (36)

where ~Z is the local skin-friction coefficient based on con-
ditions just outside the boundary layer. With the aid of
equations (35) and (36) the time rate of local heat transfer
per unit area,

dH~=h, (T,— TJ ,

can be written as

(37)

(38)
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Equation (38) can be integrated over the surface of a body
to yield the time rate of total heat input as follows

wherein CPlis set equal to CPand

(39)

(40)

‘l’he parameter C~’ is termed the “equivalent skin-friction
coefficient” and will be assumed constant at a mean value
for a particular vehicle. From equation (39) we can obtain
two alternate forms which will prove useful; namely, the
altitude rate of total heat input defined by (note that dy is
negative for dt positive)

dQ 1 dQ Pvfcx’s. —.
dy me ~= 4sine

and the range rate of total heat input dehed as

dQ 1’ dQ p~c,’~
-=TZG7 z= 4eoso

(41)

(42)

The total heat input may be obtained by integration of
equations (39), (41) or (42), depending upon the psrticukr
variable used.

The time rati of average heat input per unit area maybe
obtained from equation (39) as

(43)

Consider next the Ioeal convective heat transfer in {he
region of the nose. The time rate of local heat input per
unit area was determind, in reference 3 undei the assump-
tions that viscosity coefficient varies as the square root of
the absolute temperature, and that flow between the bow
shock wave and the stagnation point is incompressible. In
this case it was found that

(44)

where K.= &8X 10”O. A more detailed study of stagnation
region flow, including effects of eompr~ibility and dissoci-
ation of air molecules (ref. 6), shoti that the constant, K,
should have a value more like twice the above value at the
hypervelocities of interest here.

With these relations we are now in a position to study
the heating of the several types of vehicles of interest.

Ballistio vehiole .—The heating for this case has already
been analyzed in reference 3. Only the results will be given
here.

The ratio of the total heat input to the initial kinetic
energy was found to be

(45)

For the “relatively light missile,” which is of principal interest
here,

, and equation (45) reduces to

(47)

The time rate of average heat input per unit area was
found to be

which has the maximum value

at the altitude

y.=#%%xi) (50)

Equation (49) appliea, of come, only if the altitude, y., is
above ground level. If the value of y= is negative then the
maximum aversge heating rate will, of oourse, occur at sea
level.

The ‘time rate of local heat input per unit area to the stag-
nation region of the nose was found to be

(61)

having a mtium value of

(’%)-=r%3+’2c5’v~ ’52)
occurring at the altitude

(53)

If the value of yb is negative, then the maximum value
occurs at ground level.

Skip vehicle.-Wlth the aid of equation (17), the density at
any point in a given skipping phase is found to be

(54)

where it is to be recalled that 19ti=Of. The’ corresponding
velocity for constant LID is, from equation (19),

.,
~

V= V,ne ‘ID (55)
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By substitution of equations (54) and (55) inta equation (39),
the time rate of total heat input at any point in a skipping
phase can be expressed as follows:

3(8,-9)

%–l Q @ ve~ [COS 8–COSf3f)e ‘rD
dt ‘2 Cd ~/..

(56)

Now, recalling that ds/dt=V, the fit of equations (14) may
be combined with equation (17) to yield

do
~=–19V (COSO–COSef) (57.)

and we note further fkom equation (22) that

(s3

With the aid of equations (57) and (5S), equation (56) can
be integrated to give the total heat input for a given skipping
phase, thus we obtain

*=:%3 (,-e*) e_(”-’)%‘5’)
The total heat input for the entire trajectory can be ob-

tained by summing up the heat inputs for each separate
skipping phase. Performing this operation yields

or ,

(61)

which is identical to the result obtained for the light ballistic
missile (eq. (47)). This result applies, in fact, to all hyper-
velocity vehicles which lose the large majority of their kinetic
energy during atmospheric entry.

The time rate of average heat input per unit area is
obtained by dividing equation (56) with the surface area,
thus yielding

dHm 1 Cp’ @n
a(ef–.9)

—=7 ~ ~ V:. (cos e–cOs O,)e ‘ID
dt &

(62)

It can be shown that this expression ha-sa peak value at a
point in the skip, 0=,given by

or

L/D
(cos t9a-cos Of)=~ sin 0=

‘==tan-’ LID ‘h-’

3*

T

From equation (22) it can be concluded that the maximum
heat-transfer rate will occur in the first skip where Vti=Vf;
consequently,

The time rate of local heat input per unit arm in the
stagnation region of the nose is obtained by introducing
equations (64) and (55) into equation (44) with the following
result:

Equation (65) has a peak value at a point O?in a skip given
by

w sin Ob(Cose,–cos 01)= 6

or
——‘b=tan-’L~D “ ‘

‘m- a ’66)

[

It is clear in this case also that the heahtransfer ratmwill
have its maximum value in the &at skipping phase where
the velocities are highest. Since V,m= V~ in the &at skip,
equation (65) beeomes

Glide vehicle,-From equations (30) and (32), the density
at a point in the glide trajectory is found to be

2mg (1–vf9eJ
‘=c&.4v&1—(l_.~f*)& (68)

where

By substitution of equations (3o) and (68) into equation
(39), the tim~yate of total heat input can be exqmessodM

—.
If equations (3o) and (33) are combined with this expwssion,
we again obtain

Q_ 1 CR’S
W’3 (&.4 (70)

for the heat transfer to a hypervelocity vehicle during atmos-
pheric entry.

Now the time rate of average heat input per unit area of
a glide vehicle is found by dividbig equation (69) with tlm
surface area, thus yielding

It follows from this expression that the maximum timo rate
of average heat input per unit arm is

at a value

(72)

(73)
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If J= is taken as a reference value, and equations (71) and
(72) espressed in tmms of J. and incremental changes
AJ=J—J., itcan easily be shown that -

dHa,[dt
(dHw/dt)Mz

=&’(3-2#)~=~.(AJ) (74)

The dependence of F=(AJ) on AJ is shown in figure 8.
The velocity at which the maximum average heat input

rate occurs can be obtained by substituting equation (73)
into equation (30) yielding

(75)

Equations (72), (73), and (74) apply, of course, only when
v,>(1/fi).

For cases when ~f< (l/m), the maxhmiih time rate of
average heat input per unit area will occur at the start of
unpowered flight and is given by

The maximum time rate of local heat input per unit area
in the stagnation region of the nose is found by first substi-
tuting equations (30) and (68) into equation (44) to obtain

The mmdnmm time rate is then

r%.==(’’).:+’av”

occurring at a value of Jb given by

Jb=–h 3(1–~~)

With J~ as a reference, it can’easily be shown that

dH,/dt =~ :
(dH,/dt)~.. 2

e (3–fl=F,(@

where

AJ=J—J,

(77)

(78)

(79)

(80)

Tlm dependence of Fb(AJ) on AJ is shown in figure 8.
With reference to equations (3o) and (74) it can be seen

that tho maximum time rate of local heat transfer in the
Stagnntion region occurs when

J_?=; (81)

It is apparent then that equations (77), (78), and (79) apply
only when ~f>~. For cases where ~f <w the rnax-.
imnm time rate of local heat input per unit area will occur
at the start of unpowered flight and is given by

f%)..*=~+).b.O=K&vs’pf’(l-F~)%’82)

AJ.-

FIQURR8.—Vatiationa of F.(AJ) and Fb(AJ) with AJ.

DISCUSSION

PEBFORMANCBOFHYPERVRLOCITYVEHICLES

In this study the point of view is taken that the perform-
ance of long-range hypcrvelocity vehicles is measured by
their efficiency of flight. Thus, for example, it is presumed
that the advantages (militq and otherwise) of short time
of flight accruOequally to all vehicles.

The efficiency of flight is perhaps best measured by the
cost of delivering a given payload a given range-the higher
the cost, the lower the efficiency. Quite obviously it is far
beyond the scope of the present paper to actually compute
this cost. Rather, then, we adopt a more accessible param-
eter of hypervelocity flight, namely, the initial mass of the
vehicle, as a measure of cost. In effect, then, the assumption
is made that -the higher the initial mass of a vehicle the
higher the cost and the lower the diciency. With these
thoughts in mind, it is constructive to reconsider the basic
performance equation (eq. (4)) written in the form

mf= m#’J\gr* (83)

This esprssion clearly demonstrates the roles played by the
three factora which influence the initial mass of a vehicle
required to travel a given range. For one thing there is the
power plant, and as we would expect, increasing the effective
specific impulse increasea the over-all efiicien~ of flight in
the sense that it tends to reduce the initial mass. The
velocity at burnout influences initial mass by dictating the
amount of fuel required, and it is not surprising that de-
creasing the required burnout velocity (e. g., by increasing
the LID of a skip or glide vehicle) tends to decrease the
initial mass. Finally, we see that the initial mass is propor-
tional to the final mass which consists of the pay load,
structure (and associated equipment), and coolant. If we
presume the mass of the pay load to be some fixed quantity,
then the initial mass,will vary in accordance with this mass
of structure and coolant.

Now we assume for comparatl%e purposes that the power
plant for one vehicle is equally as good as the power plant
for another vehicle-that is to say 1. is a more or less Lxed
quantity. In this event it is permissible to restrict our
attention to two main performance considerations; namely.
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the prescribed motion as it influences the required burnout
velocity, and the resul&g aerodynamic heating as it influ-
ences structure and coolant. We therefore proceed to
discuss the comparative performance of long-rmge hyper-
velocity vehicles in terms of these considerations.

Motion,-The dependence of burnout velocity Vron range
was determined in the analysis of motion in unpowered
iiight and the resuhs obtained for the several types of hyper-
velocity vehicles under study were presented in iigures 1, 4,
and 6. Using these results in combination with the basic
performance equation we have calculated the corresponding
initial to fial mass ratios m~ml as a function of range.
For these and subsequent calculations it has been assumed
that the rocket power plant develops an effective speci.tlc
impulse of 300 seconds. The results of these calculations
are presented in figure 9 and we observe that, in general,
the mass ratios are highest for the ballistic vehicle. The
glide and skip vehicles have comparable and relatively low
mass ratios at liftdrag ratios in the neighborhood of 4 and
greater. The skip vehicle is superior, however, to the glide
vehicle at lift-drag ratios in the neighborhood of 2. From
considerations of motion alone, then, we conclude that the
skip vehicle and the glide vehicle developing lift-drag ratios
greatex than 2 are superior &cienc@se, in the sense of this
report, to the ballistic vehicle. Let us now determine how
these observations are motied by considerations of aero-
dynamic heating.

Aerodynamic heating.-The analysis has revealed one par-
ticularly salient factor in reggd to the heat transferred by
convection to hypervelocity veliicles that expend the
majority of their kinetic energy of fright in traveling through
the earth’s atmosphere. This factor is that the amount of
kinetic energy which appears in the body in the form of
heat is proportional to the ratio of friction force to total
drag force acting on the body (see eqs. (47), (61), and (70)).
With the possible exception of the relatively heavy ballistic
vehicle (see ref. 3) all of the hypervelocity vehicles treated
here do espend the major part of their kinetic energy in
flight. It is, in fact, only by virtue of this expenditure of
energy that the skip and glide vehicles achieve long range.
From the standpoint, then, of reducing the total heat trans-
ferred by convection, the problem is to determine how the
ratio of frictio~ force to total drag force can be reduced.
This matter was discussed in detail in reference 3 in connec-
tion with ballistic vehicles and it was demonstrated that the

15
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FIGURE 9.—Variation of xnmmratio with range for various M&drag
ratios of hypervelocity vehicles.

ratio cm.dd be reduced by employing high-pressure-drag
(i e., blunt) shapes. It would be most fortunate if this
avenue .of solution were open also to the skip and glide
vehicles; however, it is readily apparent that such is not the
case. This conclusion follows simply from the fact that the
skip and glide vehicles must develop reasonably high lift-
drag ratios to achieve long range. But, as is well known,
high lift-drag ratios and high pressure drag are incompatible
aerodynamic properties. Evidently, then, the skip and
glide vehicles will be relatively slender and they will, by
comparison to blunt ballistic vehicles, be required to absorb
lmge amounts of their kinetic energy of flight in the form
of heat. On the basis of the calculations of reference 3, it
does not seem feasible for slender hypervelocity vehicles to
absorb and retain so much heat (of the order of one-tenth
the kinetic energy of flight). We are led, therefore, to con-
sider the possibility of radiating part or all of this heat back
to the atmosphere.

Let us tit ixmsiderradiation heat transfer from the sur-
face of a glide vehicle. For purposes of simplicity we pre-
sume a vehicle conical in shape. The base diameter is tokon
as 3 feet and the weight as 5,000 pounds. We consider two
slender cones which, according to hypersonic theory including
friction drag, can develop mtium lift-drag ratios of 4 and
6 (see Appendix B). We find (see Appendix C) that the
L/D=4 glide vehicle can radiate hmt like a black body at a
rate equal to the maximum average convective heat-transfer
rate if the surface temperate is aUowed to rise to about
1500° F. If the vehicle develops a lift-drag ratio of 6, then
the allowable surface temperature must be increased to
about 1800° F. These surface temperature are high;
nevertheless they are within the range of useful strengths of
available alloys (see, e. g., ref. 7). Furthermore, they can, if
necessary, be reduced somewhat by designing a less dense
vehicle (or, more specifhnlly, a vehicle of lower wing loading,
W/~; see Appendix C).

It is indicated, then, that the glide vehicle has the attrac-
tive possibility of radiating back to the atmosphere a large
fraction of the heat transfemed to it by convection. As a
result the mass of coolant required to protect the vehicle may
be greatly reduced. Just as with the ballistic vehicle, how-
ever (see ref; 3), it is evident that additional means, such as
transpiration cooling, may be necessary to protect local hot
spots on the surface, like the stagnation region of the nom,
It is also well to note that the alleviating effects of radiative
cooLingare not limited to the &de vehicie alone, but would
apply to any hypervelocity vehicle in level flight.

We inquire now if the skip vehicle is capable of radiating
heat at a rate comparable to the maximum convective hemt-
transfer rate. For this purpose it sutlkes to confine our at-
tention to the tit idcip wherein the maximum convective
heat-transfer ratea are encountered (see eq. (64)), Calcula-
tions of maximum average rates using equations (63) and
(64), for long-range skip vehicles developing lift-drag ratios
of 4 and 6, indicate that these rates are an order of magnitudo
higher than those for comparable glide vehicles. The cor-
responding equilibrium surface temperatures of the skip
vehicles are the order of two or more times as high as those of
the glide vehicle. Accordingly they may be far in excess of
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3000° I’, We concIude, therefore, that Iong range, high L/D
skip vehicles crtnnotradiate heat at a rate equivalent to the
maximum convective rate because the surface temperature
required for radiation to offset convection would exceed the
temperatures at which lmown structural materiels retain
appreciable strength (see ref. 7).

Now the skip vehicle operating at lift-clxag ratios in the
neighborhood of 2 will absorb less heat than skip vehicks
developing higher lift-drag ratios. However, as shown in
Appendix C, the former vehicle still absorbs more heat than
a comparable high-pressure-drag ballistic vehicle and it ac-
crues no appreciable advantage by radiation. From the
standpoint of heat transfer, then, it is indicated that the
skip v&icle is inferior to both the ballistic and glide vehicles.
That is to say, proportionately more coolant of one form or
another would be required to protect the skip vehicle than
would be required to protect ballistic or glide vehicles of the
same range. The skip vehicle has other disadvantages as
well. Certainly one of the most serious of these is the very
high Iaterrdloads (see fig. 3) that the vehicle would be re-
quired to withstand during a skip from the earth’s atmos-
phere. These loads, coupled with simtitaneous high thermal
stresses (due to’ high convective rates), would require the
structure to be stronger and, consequently, heavier than that
of a comparable glide vehicle.3 For these and other reasons
concerned with problems of stability, control, and guidance,
the skip vehicle is thought to be the least promising of the
three types of hypervelocity vehicle considered here.

In essence, then, the preceding study has indicated that
the ballistic vehicle exhibits the possibility of being relatively
efficient for hypervelocity flight by virtue of the fact that
aerodynamic heating can be markedly reduced through the
artifice of using blunt, high-pressure-drag re-entry shapes.
The disadvrmtage of using the relatively inefficient ballistic
trajectory is counterbalanced by this advantage which tends
to keep initial mm down by reducing coolant mass. The
glide vehicle appears promising for hypervelocity flight
because it has, coupled with the relatively high efficiency of
the glide trajectory, the possibility of radiating a large
fraction of the heat absorbed by convection.

Up to this point we have considered the performance
eficiency of the several types of hypervelocity vehicle by
comparison with each other. It is of interestnow to compare,
insofar as is possible, the efficiency of flight of these vehicles
with that of lower speed, more c.mventional type aircraft.

COMPARISON OF HYPERVELOCITYVEEICLESWITH TEE SUPERSONIC
AIRPLANE

In the analysis of powered flight it was found that the basic
performance equation for hypervelocity vehicles could be
written in a form analogous to the Breguet range equation.
Thus, according to equations (7) and (9), we have for both
hypervelocity and lower speed vehicles that

R=(g)ynp) (84)

sAddedtight meens,of eonme,addedcdsnt (~ a@& q. (01))emdoneem WY
demondratathatuklmatelythecocdentk Mng addedtoUWlwhat. TW dtnfdfenmmt
obvlwalyI@avoided.

where it is understood that the effective quantities are the
same as the actual quantities in the case of the lower speed,
more conventional aircraft. Now let us consider the product
(i5/11).I,V,. Taking firstthe supersonic airplane we assume
flight at a maximum lift-drag ratio of 6. The product I,V.
for a ram-jet or turbojet can reasonably be mpected to have
a value of about 4.4X108 feet.4 The product (~/ll)JCV. is
then 26.4X 10e feet for the airplane. Now let us compare
these quantities with the corresponding quantities for a
ballistic vehicle and let us presume that the range will be half
the circumference of the earth. ,In this event, the tiective
lift-drag ratio for the ballistic vehicle is 2r (see&g.2) which is
slightly greater than that for the airplane, while the effective
velocity is just half the satellite velocity, or 13,000 feet per
second. Let us again assume that the effective specitlc
impulse is 300 seconds. In this case, the product of I.V.is
3.9x 10° feet and the product (L/D)~.V. is about 24.5X10E
feet which is only slightly 1sss than that for the supersonic
airplane. Thus we have our first suggestion that the hyper-
velocity vehicle is not neceswrily an inefficient type vehicle
for long-range flight.

In order to pursue this point further, a performance effi-
ciency factor (see eq. (10)) ddi.ned as

(85)

has been calculated for ballistic and glide vehicles for 1.=300
seconds, and ranges up to the circumference of the earth.
The corresponding quantity E has been calculated for the
supersonic airplane (1,V,=4.4X 10°feet) for several lift-drag
ratios. The results of these calculations are presented in
figure 10 and we observe, as our example calculation sug-
gested, that both the ballistic and glide vehicles compare
favorably with the supersonic airplane for ranges in the
neighborhood of and greater than half the circumference of
the earth. The glide vehicle is again superior to the ballistic
vehicle at lift-drag ratibs in excess of 2 and, as a result, it
compares favorably with the airplane at shorter ranges than
the ballistic vehicle.

It should be kept in mind, of course, that mr may be
substantially greater than w+, the mass of the pay load.
This point is signifbnt because it reminds us that mf/mP,
and not m~mf, is considered the better meme of cost.
Thus, noting that mdmp= (m~m,) (m,/mP), and recognizing
that mf/mP is probably lowest for the ballistic vehicle, we
anticipate that the ballistic vehicle would appear to better
advantage than shown in figure 10.

CONCLUDINGREMARKSAND SOME DESIGN CONSIDERA-
TIONS FOR MANNEDHYPERVELOC1l’YVEHICLES

During the course of this study it has been indicated that
ballistic and glide vebicks can be operated at hypervelocities
with the reasonable assurance that problems of aerodynamic

4Thk valueshmldholde.pprorfmatalyforanyafr-bmathtwengfn.o-notothatthemasl-
momtine ofZ.V.fnsimplythaprcduetofthethermal65- (talm= O= ~g.,I@fi
S)andtbespeefflcheetmntentefthefael(takenas14.OX1O1feelforgadlne17wfuek).
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Fmmm 10.—Variation of performance efficiency factor with total range
for ballistio and.glide vehicles and the supemnio airplane.

heating can be largely alleviated by proper design. Skip
vehicles appeared substantially less promisiig in this as well
as other respects. It was further demonstrated that on the
basis of equal ratios of initial tQ iinal mass., the long-range
hypervelocity vehicle compares favorably with the super-
sonic airplane. These considerations suggest that the
ballistic and glide vehicles have, in addition to the advantages
usually ascribed to great speed, the attractive possibility of
providing relatively efficient long-range flight.

In view of these &dings, it seems appropriate as a final
point to consider what appear to be favorable design features
of manned hypervelocity vehicles. It is fair to assume that
the glide vehicle has the man-carrying capability if suitable
living quarters are provided inside the vehicle, particularly
as regards composition and temperature of the interior
atmosphere. However, whether or not the ballistic vehicle
has this capability is not obvious and requires some clarifica-
tion. The principle question in this regard is the magnitude
of the decelerations experienced by the vehicle and its
occupants during atmospheric entry. Some light is shed on
this matter by figure 11 where the maximum deceleration in
g’s of a ballistic vehicle is shown as a function of range.

r

I I I I I I 1 1
0 I 2 3 4 5 6 7

Ronge porometer, CD

FmuRD il.—Maximum deceleration of ballistio vehioles during atmo%
pherio entry.

These decelerations were calculated by the method of
reference 3 for large entry angles, and with equations (13),
(0’=0) for entry angles near zero, using the velocities and
entry angles as a function of range given by equations (12),
It seems reasonable tm conclude from the results shown in
figure 11 that the decelerations are in excessof those humanly
tolerable except for very short range flight and for very long
range flight. The latter case is of principal interest to us,
and it is noted specifically that matium decelerations can
probably be kept to the order of 10 g’s or slightly less for
ranges of the order of semiglobal and greater. It may bo
remarked further that decelerations mceed 5g’s for less than
a minute, and they exceed 1 g for not more than about 3
miiutes. In this respect, then, (see ref. 9) tho ballistic
vehicle appears to be a practical mrm-cmrying machim,
provided extreme care is exercised in supporting the man
during atmospheric entxy. J?rom the aerodynamic heating
point of view the ballistic vehicle can, of course, be rrmcle
especially attractive by employing the blunt body concepts
of reference 3.

The glide vehicle _~eriences maximum decelerations in
g’s equal to approxunately D/L (see eq. (31) and note
D/W~D/L as V+O), and so with any significant lift-drag
ratio it is far superior to the ballistic vehicle in this respect.
In addition, the glider has the important advantage of
maneuverability during atmospheric entry. These factora
and its potential for relatively high perfommnce efficiency
make the glider generally attractive as a man-carrying
machine.

It will be assumed that if the glider is to develop reasonably
high lift-drag ratios it should be shmder in shape. But the
nose of the body and the leading edges of the wing (and tnil
surfaces) should be blunt to alleviate the local heating prob-
lem. Blunting the nose of the body may not, if properly
done, increase the drag of the vehicle (see refs. 10 and 11).
Blunting the leading edge of the wing will, however, incur n
drag penalty and thereby reduce the lift-drag ratio. This
diiiiculty maybe largely circumvented by sweeping tho lead-
ing edge of the wing. The contribution to total drag of the
drag at the leml.ingedge is, according to Newtonian theoly,
reduced in this manner by the square of the cosine of the
angle of sweep for constant span. The question which arises
is how does sweep influence heat-transfer rate. The naturo
of this influence (ref. 6) is shown in figure 12 and it is ob-
served that sweep decreases heat-transfer rate ve~ substan-
tially, although not to the extent that it decreases drug.
We are led then to the conclusion that the wing on a hyper-
velocity glide vehicle which develops reasonably high lift-
drag ratio should have highly swept leading edges. This
observation coupled with the fact that wing weight should
be minimized suggests for our consideration the low-aspecf.
ratio delta wing. In addition to the wing it is anticipatwl
that a vertical tail will be needed to provide directional
stability and control, and so we are led to imagine as one
possibility a hypervelocity glider of the type shown in
figure 13.

The potential of the glider to have relatively high per-
formance efficiency hinges strongly on the iiml.ing that the
large majority of the heat convected to it may be rndiated

.

\
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Fmmm 13.—Example high lir%drag ratio glider.

away at reasonably low surface temperatures. But it is
never possible to build a perfect radiation shield. There is
always a certain amount of heat which leaks through the
shield to the internal structure. As the duration of flight
increases this heat leakage problem may assume major pro-
portions if substantially more structure (or coolant) is re-
quired to absorb the heat. If, at the same time, the action
of aerodynamic forces has, at best, a minor influence on
range then the high lift-drag-ratio glider may cease to be an
attractive machine. For flights approaching global range
thcm two factors tend to come into play. That is, flight
time becomes relatively long (of the order of an hour and
a half or more) with the attendant increase in seriousnessof
the heat leakage problem, while lift-drag ratio assumes a

FIQUIUZ14.—Exarnple high lift glider.

relatively minor role in terms of performance efficiency (see
Q. 10). Accordingly, it may be attractive to launch a global
glider into a low altitude satellite orbit which it follows over
the large majority of its range and horn which it enters the
atmosphere in the terminal phase of flight to glide the short
remaining distance to its landing point. Under these cir-
cumstances, the vehicle may be designed to minimize aero-
dynamic heating during atmospheric entry and for this pur-
pose we are atticted to the use of l@h lift 5 as well as low
wing loading (see eqs. (76) and (77)) to reduce heating rates
and surface temperatures. Accordingly, the vehi&le may
glide into the atmosphere at a high angle of attack for high
lift coefficient, maintaining this attitude until speed has been
reduced to a supemonic value where heating has become a
relatively minor problem. The angle of attack may then be
reducad to increase LID, thereby extending the glide and
incrwing maneuverabili~ to achieve the de&red landing
point. For this type of application the vehicle might have
more of the appeartmce shown in figure 14, again being of
the delta-wing plan form but having a more or 1- rounded
bottom and sides to minimize heating rates over the leading
edge as well as the entire lower surface during re-entry.
Such -a ccmiiguration bears a resemblance to a motorboat
and it may in fact be suited for landing on water as shovvn.

Ams bRON.4uT1CALLABORATORY
NATIONALADVISORYCommmmE FORAERONAUTICS

Momnmr FIELD,CALIF.,Dec. 10,1954
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APPENDIX A-

SIMPLIFYING ASSUMPTIONS lN THE ANALYSIS OF THE GLIDE TRAJECTORY

The assumption of small deflectiori angle (0<<1) was
used throughout the study of the glide trajectory. In
addition, equation (28) was simplified on the assumptions
that

(L/D)e<<l - (Ai)
and

(A2?)

The extent to which these assumptions are permissible can
be checked by deriving an expression for (L/11)0 and exam-
ining its variation over a range of trajecto~ parameters.

I?rom equations (15), (30), and (31) the altitude of any
point in a glide trajectory is found to be

By retaining the assumption of small i.mlination angle,
whereby d= –dy/ds, and recalling that J= (2s/ro)/(L/D),we
find the inclination angle by differentiating equation (A3).
Performing this operation and making use of equation (3o)
reduce the expresion for (~/D)o to

Since ~a becomes very small toward the end of the trajectory,
it is apparent from equation (A4) that the assumption of
small (L/D)o cannot be justified in this portion of flight.
The problem then is ti determine the conditions under
which (L/D)6 remains negligibly small over the major part
of the trajectory.

With the aid of equations (30) and (33), equation (A4)
cm be mod.ifledto the following form

LID ~
:=1- {11

[1
2@ro (A5)

1– (L/D)8

For given values of L/D and total range @, equation (A5)
determines the fractional part of the total range which mr-
res.ponds to a given value of (L/D)c?. Since the deflection -
angle k always increasing, we can therefore determine the
portion of the total range through which (L/D)8 remains
equal tQor less than a given value. A computation of this
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“naturewas p&formed for a value of (L/D)O~0.05, and the
results are presented in figure 15. From this figure we can
see that except for short ranges and large lift+hg ratios,
(L/D)o (as well as 0)’ remains at a value less thrm 0.06 for
better than 90 percent of the total range.

The second assumption, equation (A2), can also be veriiiecl
horn the results of the analysis. By differentiation of e ucL-
tion (A4) we find that ?

de
4“” [+1p Z=pr3(L/D)’

while differentiation of equation (30) yields

(A7)

Dividing equation (A6) by equation (A7), and making uso
of equation (A4), we find that

(As)

By comparing equation (As) with the previous results ob-
taiued for (L/D)o (@. 15), we can readily see that the assump-
tion of equation (N) is actually less stringent than that of
equation (Al) for values of L/D of the order of 1 and greater.

FImnE 15.—Portion of range where (L/D) OSO.05 as a fumtion of
mnge for various values of lift-drag rntio.
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APPENDIX B

()
CF’S - L

THE RELATION BETWEEN —CDA FOR CONICAL MISSILES
%m

The lift and drag coefficients for slender cones
angles of attack can be expressed in the following

c.=2a

CD= CDO+-CZCL

from which it follows that the lift-drag ratio

L c. c.
D=c.o+ac.=c.o+c.’/2

is

at small
manner:

@l)

@2)

(B3)

It cnn be shown that equation (B3) has a maximum value
when

C.e= C.’{2 (334)
whereby

(C.)(J\=]_=2(?.0 @5)

Using equations @l) through (B5), one can express the
masimum value of the lift-drag ratio in the following ways:

Llll
()

_—
D -=–=—–~cL~

(I36)

The drag coefficient at zero angle of attack appearing in
equation (B2) can be broken down into its component parta
to yield ‘

(B7)CD.= (cDj,+ CFOSIA

where (CD~P is the zero-lift pressure drag coefficient and
C,Ois the zero-lift skin-friction coefficient baaed on wetted
area. The skin-friction coe5cient CFOin equation (B7) can
be related to the equivalent sbn-friction cmdlicient Cr’ (see
eq. (43)) by considering average conditions over the surface
of the cone. Equating the friction drags as determined
from free-stream and local average conditions, it is found
that

(B8)

By referrlbg to local average conditions on the body sur-
face, the expression for CF’, equation (4o), can be written as

cF’=(cF~=,
(Pl);;vl)m @9)

Comparing equations (B8) and (339) it is apparent that

c,*=cFf 05+s? @lo)

For slender shapes at hypersonic speeds, the local velocity
does not diiler appreciably from the free-stream value.
Also, for small angles of attack, the skin-friction coefficient
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.

should remain fairly constant. Consequently, equation
(B1O) can be written as

(?Fo=(?F=CF’= constant (B1l)

and equation (137) then becomes

(B12)

From equations (335) and (B12) it can then be shown that

(am-=~b‘%?”]’13)
From the Newtoniaa impact theory, the zero-lift pressure

drag coefficient for slender cones ak hypersonic speeds can
be expressed as

((?D&=26’

where 6 is the semivertex angle of
noting that for slender cones

is_l
z–i

equation (3312) then becomes

(B14)

the cone. By further

(3315)

(B16)

For a -given value of CF’ it oan be shown that equation
(1316)has minimum value when e

(3317)

whereby, at 8= 60pt

(CD)mtiQ6&t=S(CDj, (B18)

Obviously, then, the highest value of maximum lifkdrag
ratio (eq. (136)) will be attained by the cone with the swni-
vertex angle given by equation (B17). By substitution
from equation (3318)into equation (B6), the optimum value
of maximum lift-drag ratio is found to be

(1319)

By further substituting the expression for minimum
zero-lift drag coefficient, equation @lS), into equation

8The remdnlngendyds a.sscunmCr’ constant.Nth+m@this h certahdynot the
slmatfonfnprootfc$theanalyzlsprovidesan“ O- Ofmegnftude”~ of @ent
me~
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(?313), the following relation, corresponding to the condi-
tion of optimum maximum lift-drrg ratio, is obtained: -

c.’
(–9

1

CA @,=)_=~
(B20)

With the aid of equations (B14) and @16), equation
(B13) can also be expressed in the following form, cor-
responding to any maximqm lift-drag ratio including the
aptimum value:

c.’
(–7 ()

1

Cjz?l (fi/D)_
.; l—— @21)

l+g

From equations @20) and (B21) it can readily be seen that
in the case of the optimum (L/.D)~~

c.’ _2

~—

(B22)

from which it follows directly that

@23)

so that equation (B21) may be written as

Cp’
(–9

1

CD44.&/D)_=2, ~ 3.()
(332-4)

60P,

lllth the aid of equations (B16) and (B23), the expression
for any (L/~)mU (eq. (B6)) can be sho~ h be

‘;)-=2’F+$59T@25)

and it follows directly from equation (B19) that the ratio
~ of (Z/Zl)mUfo~.any cone to that for the optimum cone is

“=%[1++59@26)

where q is defied as the “lift-drag efficiency factor.” By
substitution fro’m equation @!M), the ratio of (L/ll)mu to the
optimum value can then be expressedin terms of (cF’~/u@

as follows:

(B27)

The dependence of q on C*’iS/C& is shown in figure 16.
It should be noted, however, that for small values of q the
assumption of slender cones will be violated, although the
results as show-nwill be qualitatively correct in that CF’SIOA
will become exceedingly small for low vakms of (Z/~)~ti,
regardless of body shape.

Drag pororneter, ~.SK&l ,

FIGURE 16.—Variation of lift-chg stliciency factor with drag prmnm-
eter for cones.

APPENDIX c
COMPUTATION OF HEATING ASSOCL4TED WITH ROCKITI’ VE131CLES

RADIATIONOFHRATFROM GDE VREU_

From eauation (72), the mmimum tie rate of total heat. . .
input to the glide vehiole can be expressed as

The rata of heat radiation fkom the vehiele is given
relation

S ~=kTz~~

(cl)

by the

(C2)

Using equations (Cl) and (C2), the requirement for con-
tiuous radiation of all convective heat input to a surface
at a temperature 2000° R can be expressed as

mg CL’S
S’(L/D) CA s 1.20 (C3)

u a value of (L/D)&=6 is assumed, values of the para-

meter CFrS/C& and cone angle, 6, oan be detamined as a

function of (L/D)_ from the analysis given in Appendix B,
A vehicle weight of 6000 pounds with a maximum diameter
of 3 feet is assumed whereby equation (C3) oan be evaluated
for various (L/D) giving tie r-mults~ the following

LID

k +

c/AsKhA & & — Wls
&’D) CyA

a.?a 276 147
!

Lm
.m

2
L 24

.mno 1! r ~j
1

.619
.- !2J.6

%
.312

.mllb m8 S.&s .136

table:

We see, therefore, that at surface temperatures of 2000° R
and for an L/D of 4, this glide-type vehicle can radiate heat
at a rate equal to or greater than the maximum convective
heat rate.

RADIATIVE AND CONVRCm HRAT TRANSFRR ASSOCL4TRD WITH SKIP
vEmcLRs

In this section the problem is to determine the extent to
which heat absorbed by a skip vehicle in the first skipping
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phase can be reradiated during the subsequent ballistic
phase. The quantity of heat absorbed in the first skipping
phase has already been obtained in the heating analysis,
(eq. (69) for n=l)

Q~
W=ml-e+’)

(C4)

where the total heat absorbed throughout the entire trajec-
tory is

~T 1 CF’8
~=~ ~ (C5)

In order to determine the heat radiated, three quantities
must be determined:

1. Temperature of the vehicle at the start of the second
ballistic phase

2. Temperature of the vehicle at the end of the second
brdlisticphase

3. The time duration of the second ballistic phase
To determine the fit of the above quantities, we employ

tl.mrelation for heat absorbed

where c is the speciiic heat of the matarial, W. is the effective
weight of material absorbing heat, and AT is the tempera-
ture rise during the first skip. If it is assumed that 1/3 of
the missile weight will absorb heat, equation (C6) becomes

(C7)

where m is the total mass of the vehicle. It is assumed that
the material has a specific heat of 0.11 Btu/lb “R. If it is
also assumed that the temperature at the start of the first
skip is 500° R, equation (C7) becomes

()T_=500+l.l XIO-3 $ (C8)

which d&nes the temperature at the beginning of the
second brdlastic phase.

To find the temperature at the end of the second ballistic
phaae, we equate the radi~t heat-~a~fer rate ~m the
body to the rate of heat loss in terms of the temperature
drop of the body

–kT%’ di=cW&T (C9)

This expression can be integrated to yield

T.:=
1 (Clo)

(7.95xlo-’5)st++ -
%

for a vehicle weight of 5000 pounds (effective absorbing
weight of 1667 POURdS)~h~e T% ~ the temperature a%
the end of the second ballistic phase and t is the totalflight

time of the second ballistic phase. The total heat lost by
radiation can now be express~din terms of
drop as

Q%= (T%– Te=lW&
or

Q%= ] .41x 105(T%–T,q)
G213507-U&75

the temperature

(Cll)

The time of flight in any ballistic trajectory can be shown to
be

,=z(l-co’;Y’pmoJ+&tm_,(&tm,)]
V* (1’+) 4

(C12)
where

tan Of;=

Sil;+tmlefcos=
2

;=tm-l

( )

sin of cm of
1

=— COS* L9fp

The foregoing relations were applied to a computation of
the radiqtive cooling of a missile weighing 5000 pounds and
traversing a total range of 3440 nautical miles (0=1.0).
Valuw of Ofwere obtained in the motion analysis, and values
of C~’S/C& and S obtained in the previous calculation
with regard to the glide missile will apply to this case also.
The computations are summarized in the following table.
Ilote that the case of L/D=z is essentially the ballistic
vehicle (see fig. 9).

QqXIG+

1726
316
n
3
0

QxJO

;MJ
.049
.023
0

We see, therefore, -that the quantity of heat which must
be absorbed by this skip vehicle decreases rapidly with
decreasing lift-drag ratio. The quantity of heat which must
be absorbed by a ballistic vehicle (L/D ~l/2) is almost
negligible compared with the quantities associated with
vehicles with an L/D=2 or greater. Comparison of the bent
absorbed in the fit skipping phase with the heat radiated
in the second ballistic phase indicates no appreciable ad-
vantage is obtained due to radiation for values of L/D=2
and lower. To be sure, this situation could be substantially
altered (near L/D=2) by allowing the surface temperatures
to reach higher values during the skip; ho-ivever, it seems
unlikely that the net heat absorbed by the skip vehicle
could ever be reduced to the low value of the ballistic vehicle
for any reasonable surface tempwature.
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